ABSTRACT: Studies of the reforming of n-butane by steam and carbon dioxide have been undertaken employing commercial catalysts such as Ni/a-Al 2 O 3 modified by small additions of promoters such as K, Ba, Ce, W and Mo compounds. It was found that promoters improved the resistance of the catalyst towards coking, with this effect being smaller where CO 2 was employed in the reforming reaction than when steam was used. The dynamics of the growth of the carbon deposit on the catalyst surface depended on the promoters employed as well as on the operating conditions; however, in the CO 2 reforming of n-butane, such coking was more pronounced than in steam reforming. Use of the TPO method with oxygen or CO 2 did not reveal considerable differences between the coke deposits formed during the reforming of n-butane with CO 2 or H 2 O on the catalysts examined.
INTRODUCTION
Renewed interest has recently been shown in the reforming of hydrocarbons using carbon dioxide (Rostrup-Nielsen 1994; Bradford and Vannice 1999; Ruckenstein and Hu 2000) . In this respect, the reforming of methane with CO 2 leads to the production of synthesis gas with a low H 2 /CO ratio which can be utilised in oxo synthesis and the Fischer-Tropsch reaction, for example, for the production of important chemicals (including methanol, acetic acid and dimethyl ether) or for energy transmission systems (Giordano et al. 1986; Parmon 1997) . The reforming of hydrocarbons with CO 2 has attracted interest from the ecological viewpoint because the reaction leads to the removal and utilisation of one of the greenhouse gases (Bradford and Vannice 1999; Ruckenstein and Hu 2000) .
The use of high temperatures (600-850ºC) and high partial water vapour pressures in the reaction mixtures employed for the steam reforming of hydrocarbons (e.g. H 2 O/CH 4 = 3-4 in the case of methane) promotes catalyst sintering (Rostrup-Nielsen 1984; Twigg 1989) ; despite this fact, however, nickel on supports of low specific surface area (e.g. a-Al 2 O 3 or a magnesium-aluminium spinel) is often used as a catalyst.
Relative to the use of steam, the reforming of hydrocarbons with CO 2 involves a higher risk of catalyst deactivation due to carbon deposition (Rostrup-Nielsen 1994; Edwards and Maitra 1994) . Hence, one of the significant properties of a good catalyst for this reaction must be its resistance to coking. Several researchers have reported the application of noble metal catalysts (Rostrup-Nielsen and Bak-Hansen 1993; Zhang et al. 1996) and/or a modified nickel catalyst with a higher resistance towards coking, e.g. NiO-MgO (Bradford and Vannice 1999; Ruckenstein and Hu 1997) in the CO 2 reforming of CH 4 . Recently, it has been shown that nickel catalysts with small additions of different promoters (Mo, W, Ba and Ce) exhibit a considerably improved resistance towards coking during the steam reforming of hydrocarbons (Borowiecki and Go/ l ' ebiowski 1994; Borowiecki et al. , 1998 Zhuang et al. 1991) .
The aim of the present study was to compare the influence of some promoters (Mo, W, Ba, K and Ce) on the properties of nickel catalysts employed in the reforming of n-butane with CO 2 or H 2 O. From a technological viewpoint, the application of promoted catalysts with an increased resistance towards coking would be justified in the upper part of the reformer tubes where the temperatures do not exceed 600ºC. Hence, it has been assumed that heating catalysts under a pressure of 2.5 MPa at 800ºC in a H 2 O/H 2 = 1:1 mixture would be sufficient to estimate the effective stability and thermostability of the catalyst studied.
EXPERIMENTAL
Investigations were carried out using commercial Ni/a-Al 2 O 3 catalysts designed for the steam reforming of natural gas, but impregnated with a solution of an appropriate promoter salt. Such catalysts are designated below as Ni-Me(-), the number in brackets denoting the amount of added metal expressed in wt% units. The following metals were used as promoters: Ba, Mo, W, K and Ce. After such preparation, the samples were dried at 105ºC and calcined at 450ºC for 4 h. The methods used for the preparation of these catalysts have been described in detail elsewhere (Borowiecki and Go/ l ' ebiowski 1994; Borowiecki et al. , 1998 . The total surface areas of the samples were determined via the physical adsorption of argon at liquid nitrogen temperature in a static-volumetric apparatus where the vacuum employed was better than 2 × 10 -5 hPa. The surface areas of the nickel samples were determined via hydrogen chemisorption at 20ºC and 100 mmHg pressure (after reduction of the catalysts at 800ºC) assuming that the stoichiometry of the chemisorption process was H/Ni = 1:1 and that the surface area occupied by one hydrogen atom was equal to 0.065 nm 2 (Bartholomew and Farrauto 1975) . The rate of coking was measured by a gravimetric method (Borowiecki 1984) over the temperature range 410-500ºC for CO 2 reforming and at 500ºC for steam reforming, respectively. The properties of the carbon deposits obtained were investigated by temperature-programmed oxidation (TPO) with oxygen or CO 2 using the Altamira AMI-1 system with catalysts coated with 10 wt% carbon as produced via the reaction of n-butane with CO 2 . The temperature ramp employed was 10ºC/min together with a 5 vol% O 2 in He mixture. The gases were analysed by mass spectrometric methods (SAG-2).
Catalyst activity in CO 2 reforming was determined using a gradientless reactor under a pressure of 0.1 MPa at 450ºC and 500ºC, respectively. Catalyst activity in steam reforming was determined using a gradientless reactor under a pressure of 2.5 MPa over the temperature range 600-800ºC. The following properties were investigated for each catalyst employed: total surface area, active surface area, activity, resistance to coking and the TPO spectra of the carbon deposits formed.
RESULTS
The physicochemical properties of the catalysts studied are presented in Figure 1 from which it will be seen that the majority of promoters used had little influence on the total and active surface areas of the samples. The only notable increase in both surface values was observed when Ce was employed as a promoter. A decrease in the active surface area was observed when individual catalysts were subjected to pressurised heating, simulating the use of the catalyst for an extended time period under industrial conditions. Under these circumstances, the catalyst promoted with potassium showed the greatest decrease in active surface area. Catalysts promoted with Ba, W and Mo showed somewhat greater resistance to coking than the unmodified nickel catalyst. It has been shown previously (Borowiecki et al. 1998 ) that the mean size of nickel crystallites as determined from the extent of hydrogen chemisorption and by X-ray diffraction line broadening was similar for all the samples studied, being equal to ~40 nm for the reduced samples and >70 nm for the heated catalysts.
The catalyst promoted with Ce exhibited perfect resistance towards sintering since its active surface area remained unchanged after the pressurised heating treatment. It has been shown that the mean sizes of the nickel crystallites contained in these samples as determined by X-ray diffraction methods were 35-55 nm both before and after heating (Borowiecki et al. 1998) .
Under the typical conditions employed in an activity test for the steam reforming of methane (pressure 2.5 MPa, H 2 O/CH 4 ratio = 3.3), the use of promoters such as Mo, W, Ba and K led to a measurable decrease (10-30%) in the activity of a nickel catalyst. In contrast, the catalyst to which Ce had been added as a promoter showed an increase (ca. 25%) in activity. It was found that the activity of promoted catalysts when employed in the steam reforming of methane decreased in the following sequence: Ni-Ce > Ni > Ni-W, Ni-K > Ni-Ba > Ni-Mo. This relationship is illustrated in Figure 2 . From Figure 2 it can be seen that the greatest activity was exhibited by Ni-Ce(2.0), probably as a result of an increase in the active surface area of this catalyst linked to increasing nickel dispersion on the support. All the catalysts depicted in Figure 2 exhibited a similar activation energy for the reaction (i.e. gave similar slopes for the linear plots of the reaction constant versus 1/T), thereby suggesting that similar adsorption sites were involved in the reaction irrespective of the promoter used.
Studies of the activities of the catalysts studied in the reforming of n-butane with CO 2 (at temperatures of 450ºC and 500ºC) indicated strong coking which made the calculation of the real degree of conversion of n-butane impossible. However, from the basis of the initial experimental points (20-30 min), it was possible to obtain the relative activities of certain samples in the reforming of n-butane with CO 2 when the reagent ratio CO 2 /C was 3:1. The corresponding results are presented in Figure 3 .
In subsequent investigations this ratio was increased to CO 2 /C = 5:1 and the reaction studied over the Ni-Mo(2.0) catalyst. No carbon deposits were found under these conditions, the degrees of conversion of n-butane at 500ºC and 450ºC being 36% and 12%, respectively.
Studies of the coking rate in both reactions have been undertaken at the same partial pressure of n-butane (6.1 kPa) and the same reaction mixture flow rate (achieved by topping up the mixture to 500 cm 3 with nitrogen as an inert gas). A maximum in the rate of coking in the steam reforming of n-butane has been observed at 500ºC (Rostrup-Nielsen 1975; . In addition, when CO 2 was used for n-butane reforming at 500ºC, conversion degrees greater than 15% were observed when the thermogravimetric method was applied. However, previous studies have shown (Rostrup-Nielsen 1975 ) that conversion degrees greater than 10% should not be employed for these types of studies. Studies of the resistance towards coking of the initial Ni catalyst and of that containing molybdenum, which appears to be a very promising promoter, were undertaken using CO 2 in the reforming reaction when the latter was conducted at 410ºC, 450ºC and 500ºC, respectively, at a CO 2 /C reagent ratio of 3:1. The influence of such temperatures on the observed coking rate for the Ni and Ni-Mo(0.5) catalysts are depicted in Figure 4 . Science & Technology Vol. 19 No. 6 2001 As depicted in Figure 4 , the amount of carbon deposition on the nickel catalyst increased as the temperature increased, while the introduction of molybdenum into the nickel catalyst considerably limited the coking processes. It is worth emphasising that the coking rate observed for the nickel catalyst at the lowest temperature studied (410ºC) was much faster than that for the Ni-Mo catalyst at the highest temperature (500ºC). Although an increase in the reaction temperature also caused an increase in the rate of carbon deposition on the molybdenum-promoted catalyst, this effect was smaller than for the pure nickel catalyst.
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Subsequent investigations of the coking rate observed in the CO 2 reforming of n-butane were carried out at 450ºC, the coking rates being calculated from the slopes of the linear sections of the curves obtained, i.e. the increase in the weight of carbon deposit versus time, for ~20 wt% carbon deposited initially on the catalyst. A comparison of the coking rates in the presence of steam or CO 2 showed that the rate observed for CO 2 reforming was usually greater than for steam reforming. The coking rates in both reforming reactions for the catalysts examined are listed in Table 1 , from which it will be seen that for steam reforming an increase in the partial pressure of steam in the reaction mixture led to a pronounced decrease in the coking rate . A similar effect was observed when the amount of CO 2 employed for reforming was increased, but this effect was smaller than that observed in the steam reforming process. Figure 5 depicts the influence of the CO 2 /C reagent ratio on the coking rate observed for a Ni catalyst and for Ni-Mo catalysts containing different amounts of promoter. With the nickel catalyst, an increase of the reagent ratio to 3.5 led to a decrease of ca. 20% in the coking rate relative to the value observed at CO 2 /C = 1:1. Indeed, for the Ni-Mo(0.5) samples, the coking rate at CO 2 /C = 3.5:1 reagent ratio was almost 10-times smaller than at CO 2 /C = 1:1. The relationship between the relative rates of coking in steam and at a CO 2 /C reagent ratio of 3:1 is depicted in Figure 6 for the investigated catalysts in both reforming reactions at 20 wt% C on the catalysts. The numerical values of the rates also reflect the tendencies presented in previous figures, i.e. the relative coking rates are smaller in the case of steam reforming and the relative rates of coking in both reforming reactions were the smallest when potassium and molybdenum promoters were employed.
Since small amounts of molybdenum have a very great effect on the decrease of carbon deposition on nickel catalysts employed in the steam reforming of hydrocarbons (Borowiecki and Go/ l ' ebiowski 1994; , it was considered prudent to check whether this effect arises as a result of the deposition of different kinds of carbon. Reports in the literature indicate where interactions occur between hydrocarbons or carbon oxides and a catalyst (metal/support) the possibility arises that different types of deposit are formed (Rostrup-Nielsen 1984; McCarthy et al. 1982; Tracz et al. 1990 ). One of the methods of investigating carbon deposits most frequently applied is that of temperature-programmed oxidation (TPO) (Querini and Fung 1994) and Figure 7 depicts the TPO curves for the gasification of carbon deposits occurring under the various conditions employed in the reaction of n-butane with steam or CO 2 in the presence of Ni or Ni-Mo(0.5) catalysts. As can be seen from the figure only one maximum gasification rate occurred in both cases, the position of the maximum being independent of the catalyst composition and the reagent ratio at which the deposit was formed. A small shift of this maximum towards lower temperatures (ca. 40-50ºC) occurred for the deposit formed in the reaction with CO 2 ; however, it was difficult to decide whether this was caused by a lower temperature for the growth of this deposit or by some other reaction. Figure 8 depicts the TPO curves obtained in the reaction of n-butane with CO 2 at a CO 2 /C reagent ratio of 1:1 during gasification of the carbon deposits formed on other promoted catalysts studied. As obtained on catalysts with 10 wt% carbon, the TPO curves exhibit little difference between carbon deposits formed on catalysts contained various percentages of different promoters. It will be noted that gasification of these deposits was examined over the temperature range 350-650ºC and that in every case only one peak was observed whose maximum occurred between 500ºC and 540ºC. The coincidence of the maximum positions for the various TPO peaks obtained demonstrates that the properties of all the deposits are the same, irrespective of being obtained on catalysts prepared in the absence or presence of promoter. Results which were similar qualitatively were also obtained for the deposits formed during steam reforming (Borowiecki and Gac 2000). 
CONCLUSIONS
Nickel catalysts promoted with K, Mo, Ba, W and Ce exhibited increased resistance towards coking during steam and CO 2 reforming of n-butane. The effect of a given promoter was, however, smaller during the reforming of n-butane in the presence of CO 2 than when steam was employed. Changes in the composition of the reaction mixture (e.g. an increase in the amount of excess CO 2 present) had only a minor effect on the reduction of coking compared to the situation observed when excess H 2 O was employed during steam reforming. Studies of the activity of the promoted catalysts showed that the addition of promoter caused a decrease of catalyst activity during steam reforming except for the case of Ce; however, calculation of catalyst activity during CO 2 reforming was difficult because of the strong coking observed for all the catalysts in this case. TPO investigations show that the carbon deposits in reforming reactions conducted with CO 2 or H 2 O had a similar chemical character, irrespective of whether they were formed in the presence of different promoters. The effects produced by the addition of promoter were permanent.
